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THERMOGRAVIMETRIC INSTRUMENT 

Leo A. Wall and Sidney S t r aus  

ABSTRACT 

A thermogravirnetric instrument,  capable o f  performing 

ra tes  of v o l a t i l i z a t i o n  measurements under both isothermal 

and non-isothermal condi t ions,  has been cons t ruc ted  and i t s  

c h a r a c t e r i s t i c s  s tud ied .  
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THERMOGRAVIMETRIC INSTRUMENT 

INTRODUCTION 

S tud ie s  on the thermal decomposition of  polymers and 

o t h e r  materials by t h e  weight- loss  methods (thermogravimetry) 

have a c c e l e r a t e d  over  r ecen t  years .  The ear l ies t  work a t  

t h i s  i n s t i t u t i o n  u t i l i z e d  a tungsten sp r ing  balance . 
Subsequently, a recording balance w a s  a l s o  used . However, 

t h i s  balance which had numerous j o i n t s  was never completely 

vacuum t l g h t .  With both methods,  l a r g e  heavy furnaces  were 

- - - - A ,  - ~n1-1 +he fiirnaces were e x t e r n a l  of  the  ~mcuum l i n e  In 

whlch t h e  polyEers were decomposed. With t h e  avai l s b l 1 i t i . r  

o f  t he  r eco ra ing  e l e c t r s b a l a n c e  designed t o  weigh small 

s m p l e s  a c c u r a t e l y  i n  a vacuum or o t h e r  known environment, no 

seririus problem i n  r a p i d  weighing i n  a vacuum e x i s t s c  The 

grcztzst remaining problem a rea  l n v n l v e s  the accuracys t h e  

constancy of  t h e  temperature rne?surements, and t h e  amount 

o f  t i q e  involved i n  a t t a i n i n g  a p r e c i s e  con t ro l l ed :  2nd  

kn3wn temperanire.  Also w i t h  t he  cont ro l  e2uipment n3w 

p 3 s s i b l e ,  there  appeared no reason f a r  l a r g e  fu rna?es -  Thc 

appa ra tus  descr ibed below appears adequate f o r  r e l a t ive l -y  

r a p i d  and p r e c i s e  rion-isothermal (TGA ) a n d  1sQih?i*ha1 

thermoKravimetry. 
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mscRimIm OF TGA APPARATUC 

Th- , -,-r:l ? - upparatus  and equipment a r e  both conipar:+ 

b:lc9 Lll t h e  instruments and glassware a r e  mounted on 

a 3 - f t .  square rack  t h a t  i s  heavi ly  weighted w i t h  a 1/2-in. 

s t e e l  base p l a t e  approximately 1 1/2-in.  from t h e  f l o o r .  The 

four  legs  of  t h e  rack, one a t  each corner ,  a r e  f i t t e d  w i t h  

heavy gauge c a s t e r s  for mobil i ty ,  however, the  e n t i r e  rack err! 

be f i rmly  s t a t i o n e d  by means o f  four  f l a t  3 - i n .  square d i s c s  

that can be impinged on t h e  floor and pos i t i oned  by four  

ind iv idua l  heavy machine screws. The o v e r a l l  view V I  biLL 

equipment i s  shown i n  Fig.  1. 

A t  t he  top  l e f t  i s  the P i r a n i  vacuum gauge ( t y p e  GP-110) 

t h a t  i s  bridged t o  the  vacuum system v ia  a gauge tube 

containing the  sensing e l emen t .  Small i n t e r n a l  gas p res su res  

can be measured accu ra t e ly  tcl  3 rr5crcn ijr Se t t e -?  by  r n ~ ? s ~ ~ r S  ',T 

t h e  r e s 1  :+-a,  cc;' +k.: ~ ? r , : f ? y ,  ~3r :ss  y whe;LC,strrp = T J ~ ( - ; ~ ~ F  .3 

(;,: i : > -  - 15- c r I ,- jn ; v  c; c . .  
> L ,  ?-.  1 !"I ; - ' 6 , '  . i l  

,. -k- ,, . "  . ~ t,? : r - C - t '  ! t r c l  

're[ I . - I .  _ . .  Ope- : ' -' 2 -  ! t i r e  s the  7b r i x  a7 zn:  

'I -10b~- jr ckc: 1 1 ~ 7 :  1 i F b t  i ,? 

i I _ _  i.- ,:zsc-c on the 7- I "  l-ar-2,- 

p -  ' ( 1  - ~ 3 :  7 :  +pp sz.'pl 5 w c l i ;  - - c p t  1 % ~  

f'r.o.i: if ~ i s  3 , ~ i ~ n t e ~ t , a l ~ . ; n c e d  by electromagnet iL foi': E cr-a 

\?is severel  xagnets a n 9  3 photo tube.  Thus the  bean reru~ 
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i n  dynamic equi l ibr ium and r e t a i n s  t h e  same p o s i t i o n  regapclless 

Qf sample weight loss. I n  ou r  work, loop A ,  t h e  most s e r s i t i v e  

weighing po in t  on the beam, was used t o  determlr,e pclympr 

weight l o s s e s  during py ro lys i s  of about 1-20 mg i k s u t  : ) "C m g  

weight of wire and c ruc ib l e ,  i n  a d d i t i o n  t o  ;-he sample WLQ'! ' .  

i s  suspended from loop A .  The p rec i s ion  on t h i s  loop i s  

r a t e d  as a t e n t h  of a micron o r  b e t t e r .  

The Cahn c o n t r o l l e r  i s  w i r e d  t o  the Brown e l e c t r o n i c  

recorder ,  shown below i t  i n  F i g .  1. The recorder  ope ra t e s  

au tomat ica l ly  w i t h  two pens; a red  one of 10 mv s e n s i L i v i b y  

p l o t s  t h e  sample weight l o s s  ar,d a purp le  one of 50 mv t h a t  

c h a r t s  changes i n  the py ro lys i s  temperature wi th in  t h e  furnace.  

Both s lopes  can be read d i r e c t l y  on t h e  c h a r t  paper i n  mg 

and mv r e spec t ive ly .  

1 -  , - I, 0 ';ar~stm?-~ Pyromet,?I: Cc)ctml:zr (Mc:j?I- T G F )  5 

sltua' ;ed nr, i-] - l ~ z f ' L ,  i z  F1z. I ,  be!.ov t-lc - - : Z - J ~ > : ? I .  I 1  

I C  7 -  ;st 1 ::f an !";r: r;ic I, ~ - 1 3  T.?~TQ??-  t l . r - 2  i li - , ? L Z P / ~  

-;c%le ?->( t.?: l : w ? r  pros-an ccnt.~aoLl-.  i, .:I ,.-.- c '  i;r- ~. 

57'3.. T--? C;Ll't2 3 . l O W n  13 1 ? > T i K K ' > ; S  2 '1'1 4 I.* 
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i s  i n  t h e  " o f f "  pos i t i on ,  and tne  approximate des i red  

temperature i s  s e t  w i t h  t h e  red p o i n t e r  on t h e  temperature 

s c a l e .  The temperature of t he  furnace i s  r egu la t ed  between 

t h e  two, 5 amp va r i acs  shown t o  t h e  r i g h t  of  t h e  pyrometric 

c o n t r o l l e r  on t h e  panel.  The vol tage  s e t t i n g s  on the upper 

and lower va r i acs  depend on maintaining an equi l ibr ium between 

the  green i n d i c a t i n g  p o i n t e r  and t h e  p r e s e t  r e d  p o i n t e r  crn 

the temperature char t .  A r e l ay  switch des igna tes  t h e  h igher  

n r  l o w e r  vol tage t o  be used and the corresponding cur ren t  

i s  recorded on the  a-c ammeter set  between the  two var iaca .  

General ly  the h igher  vol tage va r i ac  i s  about double the  lower 

vo l t age  v a r i a c  and t h e  maximum curren t  needed i s  about 2.6 amp. 

Beneath t h e  panel  on the  l e f t ,  no t  shown i n  Fig.  1, 

sets a l/3 hp Welch f o r e  pump on t h e  1/2-in. s t e e l  p l a t e .  

The  pump, i n  tu rn ,  i s  a t tached  t o  a l a r g e  g l a s s  contained 

o i l  d i f fus ion  pump capable o f  maintaining a vacuum o f  

4 x mm of H g .  The top  po r t ion  of t he  o i l  d i f fus ion  pump 

i s  shown i n  the  background immediately t o  the r i g h t  o f  t he  

lower and middle panel.  

w e l l  shown. 

and maintains  the  hea t ing  r a t e  of  the  o i l  pump a t  a cu r ren t  

o f  1.9 amp a s  can be observed i n  the  small ammeter t o  the 

l e f t  of t he  v a r i a c  i n  Fig.  1. A s m a l l  commercial blower, s e t  

behind t h e  panel,  d i r e c t s  a stream of cold a i r  a t  the upper 

o i l  stream i n  t h e  o i l  pump t o  has ten  condensation and inc rease  

t h e  e f f i c i e n c y  of the pump. 

Coolant may be added t o  t he  g l a s s  

The v a r i a c  a t  t he  lower r i g h t  i s  s e t  a t  108 v 
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A compact arrangement of  g l a s s  apparatus ,  inc luding  t h e  

housing f o r  the i n t e r n a l  furnace,  a cold t r a p  and s e v e r a l  

o u t l e t s  t o  c o l l e c t  v o l a t i l e  polymer fragments i s  shown on the  

r i g h t  beneath the Cahn balance assembly i n  i t s  crad le .  Both 

gas and l i q u i d  v o l a t i l e s  can b e  c o l l e c t e d  a t  these o u t l e t s ,  

i n  s u i t a b l e  conta iners ,  f o r  mass spectrometer,  i n f r a r e d  o r  

gas chromatography a n a l y s i s .  

CONSTRUCTION OF FURNACE 

'Lne KCY * L ' - -  - - - 1 y q 3 ~  T U  n o t e n t i a l  of the appara tus  i s  

lodged i n  the furnace which was designed and b u i l t  a t  the 

Nat ional  Bureau of Standards.  It ope ra t e s  in a vacuum and 

has t h e  c a p a b i l i t y  of a t t a i n i n g  the  des i red  p y r o l y s i s  

temperature wi th in  3-5 min a f t e r  s t a r t i n g  from room temperature.  

With t h e  Gardsman con t ro l l i ng ,  the temperature can be 

maintained constant  t o  w i t h i n  l 0 C .  The furnace,  encased i n  

a g l a s s  housing, can be seen i n  Fig.  1 a t  the m i d d l e  r i g h t .  

It c o n s i s t s  of two concentr ic  s l o t t e d  1/16-in. s t a i n l e s s  

s tee l  p l a t e s ,  the  o u t e r  one, 1 1/2-in. i n  diameter and t h e  

i n n e r  one, 1 1/4-in. i n  diameter and both 8- in .  long. Two 

1/2-in. s t e a t i t e  d i s c s  (Pyrophyl i te ) ,  1 7/8-in. i n  diameter,  

p o s i t i o n  t h e  p l a t e s  a t  t op  and bottom. 

view of the h e a t e r  can be  seen i n  Figs.  2 and 3 .  

An o v e r a l l  and top 

The narrow grooves i n  the  p l a t e s  measure 3/32-in.  every 

1/2-in. of  s t a i n l e s s  s t e e l .  They a r e  s taggered  between the 

i n n e r  and o u t e r  p l a t e  so  that the  hea t ing  wires  a r e  not  
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v i s i b l e  from the  s ide .  This  permits  e f f i c i e n t  hea t ing  and 

a l s o  e f f e c t i v e l y  al lows any v o l a t i l e s  t o  d i f f u s e  r a p i d l y  

from the  ho t  zone t o  t h e  g l a s s  cy l inde r  which could be 

e n c i r c l e d  wi th  l i q u i d  ni t rogen.  There are t h r e e  1/4-in. 

cu tout  grooves a t  t h e  o u t e r  r i m  of both s t e a t i t e  d i s c s  t o  
1 

I .  secure t h e  the-wmcouple wires  encased i n  f l e x i b l e  g l a s s  .1 
spaghe t t i .  The thermocouples pro t rude  from an alundum tube 

c e n t r a l l y  pos i t ioned  i n  the  furnace by a 9/32-in. s t ea t i t e  

plug 1113GJ. ' Ircu ~ L * L " W  ' L -  ALn - - _ _  hn++nm Rt.eati te d i sc .  The thermocouples 

c o n s i s t  of a No. 28 gauge Iron-Constantan thermocouple jo ined  

t o  and c o n t r o l l i n g  the  propor t iona t ing  c o n t r o l l e r  and a 

No. 28 gauge Chromel-Constantan thermocouple connected t o  

both the Brown recorder  and a Leeds and Northrup potent iometer .  

The hea t ing  wires,  No. 20 Nichrome, are wound t i g h t l y  

between the two d i sc s .  There are  s i x t e e n  1/32-in. openings 

equispaced about t h e  i n n e r  p a r t  of the  d i s c s  through which t h e  

wires  a r e  secured. Ind iv idua l  wi res  can be t igh tened  a t  t h e  

top  by means of s e t  screws. A c ross  sec t ion  of t h e  i n n e r  

p o r t i o n  of the furnace i s  shown i n  Fig.  4 and t h e  s e t  screw 

arrangement can be seen i n  Fig. 3 .  The o v e r a l l  heater i s  

f i t t e d  w i th  s i x  1/16-in. Inconel  spr ings ;  t h r e e  equispaced j u s t  

below t h e  top  d i s c  and secured i n  i t ,  and s i m i l a r l y ,  t h r e e  

above t h e  bottom d i sc  t o  expand and con t r ac t  wi th  r e spec t ive  

hea t ing  and cool ing o f  t he  furnace.  The sp r ings  are 

p a r t i c u l a r l y  important t o  the success fu l  opera t ion  



of  t h i s  h e a t e r  i n  a vacuum since they n e u t r a l i z e  the  expansion 

and con t r ac t ion  of t he  Nichrome hea t ing  wires  and prevent  

s h o r t s .  Four o f  these  spr ings  can be seen i n  Fig.  2. 

The furnace i s  suspended i n  the  pyrex g l a s s  appara tus  

by means of two 3/32-in. copper wires  that  e n t e r  the g l a s s  

as  tungster,  e l ec t rodes  and a r e  connected t o  t he  top  of the 

h e a t e r  a t  oppos i te  pos ts .  One pos t  secures  t h e  s t a i n l e s s  

s t e e l  o u t e r  p l a t e  a n d  the  other ,  the i n n e r  p l a t e .  

' -- '  '-+- - ems11 1 Q O  me: Vvcor c r u c i b l e  which S d I i I p L c  I D  .Lvuuv- 

i s  suspended from the A-loop of t he  beam by means of  2-3 m i l  

Nichrome wires  and a s m a l l  intermedlary glass wire,  The 

c r u c i b l e  swings f r e e l y  i n  the i n t e r n a l  cen te r  o f  t h e  v e r t i c a l  

furnace shown i n  Fig.  2. The p r e - s e t  thermocouples, mentioned 

previously,  a r e  pos i t ioned  immediately beneath the  Vycor 

cup, approximately 1-2 mm away. 

The polymer 
- . .  

Temperature C h a r a c t e r i s t i c s  of Furnace 

The opera t ing  c h a r a c t e r i s t i c s  of t h e  furnace w i t h  t h e  

p y r o l y t i c  c o n t r o l l e r  were s tudied.  A f i xed  vol tage w a s  se t  

on the h igher  reading var iac  l i nked  t o  t h e  c o n t r o l l e r ,  and 

t h e  

w a s  read on t h e  Leeds and Northrup potent iometer .  Temperature 

readings  were made a t  30 t o  70 v o l t s  w i t h  10-vol t  i n t e r v a l s .  

F ig .  5 i n d i c a t e s  the  r e s u l t s  of these  f ind ings  and the  p o i n t s  

show t h e  t ime i n t e r v a l  o f  the readings.  A t  30 v o l t s ,  t h e  

r i s e  i n  temperature leve led  o f f  a t  about 340°C a f t e r  about 

40 min. 

r i s e  i n  temperature of t he  furnace from room temperature 

The most  r a p i d  r i s e  i n  temperature was obtained a t  
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70 v o l t s ,  2.6 amp. 

i n  less than 2 min, 400°C i n  3 min, 500°C i n  less than 5 m i n ,  

and 6 0 0 " ~  i n  about 12 min. 

The furnace temperature a t t a i n e d  300°C 

A t  the 6 0 - ~ 0 1 t  s e t t i n g ,  two d i f f e r e n t  determinat ions 

were made. I n  one case,  the ou t s ide  of t h e  furnace i n  the 

vacuum system w a s  a t  mom temperature,  as i n  all the o t h e r  

cases ,  and another  where a l i q u i d  n i t rogen  conta iner  e n c i r c l e d  

the  hea ter .  

between tne  LWU 

temperatures,  t h e  d i f f e rence  was l e s s  than  1 0 ° C .  

d i f f e rences  o u t s i d e  the vacuum system have very l i t t l e  e f f e c t ,  

i f  any, on the e f f i c i e n c y  of t h e  furnace.  

Fig.  5 i n d i c a t e s  t ha t  the temperature r ise  

:; '15no" w a s  similar whereas a t  t h e  h igher  

Temperature 

I n  most previous py ro lys i s  s t u d i e s ,  the temperature and 

weight of t he  sample under thermal decomposition has been 

the  c r i t i q u e  among var ious i n v e s t i g a t o r s .  

Composition of t h e  polymer under study p r e s e n t s  numerous 

problems i n  determining temperature changes on hea t ing ,  and 

t h e  embedding o f  a thermocouple i n  the sample becomes most 

imprac t i ca l  and inconvenient on a day-to-day experimentation. 

Our previous py ro lys i s  experience has  ind ica t ed  that  a f ixed  

thermocouple d i r e c t l y  beneath t h e  bucket containing t h e  

Sample s i z e  and 

Sample i s  most f e a s i b l e  and adaptable .  

S i z e  of 10 mg o r  l e s s  e l imina tes  s p a t t e r i n g  and v i o l e n t  

e r u p t i o n s  o f  chunks of  sample on  thermal v o l a t i l i z a t i o n .  

Moreover, a sample 
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I n  the cu r ren t  research  problem, a d d i t i o n a l  s t u d i e s  were 

made t o  p inpoin t  and c a l i b r a t e  any f ixed  thermocouple we 

intended t o  employ. A temporary c a l i b r a t i n g  thermocouple, 

No. 28 gauge Chromel-Constantan, was t h r u s t  i n t o  i n d i v i d u a l  

10 mg samples of polyethylene and polytetrafluoroethylene. 

The f ixed  thermocouple, of t he  same gauge and composition, 

was pos i t i oned  underneath t h e  c r u c i b l e  conta in ing  t h e  sample, 

about  1 t o  2 mm away. TGA pyrolyses  s t u d i e s  were made on 

the  samplt-P iL,,,, --- +- - w t t h  a r i s e  i n  temperature of 

1478°C p e r  minute. The  f ixed  and c a l i b r a t i n g  thermocouples 

were a t t ached  t o  two d i f f e r e n t  Leeds and Northrup potent iometers  

and read  a t  similar hea t ing  i n t e r v a l s ,  I n  t h e  case  of bo th  

polymers, the d i f fe rence  between the two s e t s  of  thermocouples 

va r i ed  between 2 . 5 O C  and 3.5"C. w i t h  an  average of 3 . O o C ,  

during the e n t i r e  temperature r i s e  and decomposition o f  the 

sample. When the f i x e d  thermocouple was c e n t r a l l y  located,  

j u s t  below the cen te r  of  t he  c ruc ib l e ,  most c o n s i s t e n t  

temperature readings were obtained. Moreover, i t  w a s  

determined that similar temperature d i f f e rences  were had i f  

the sample bucket was r a i s e d  c e n t r a l l y  i n  the  h e a t e r  t o  

almost 2 cm above the  f ixed  thermocouple. A temperature 

g r a d i e n t  d i d  no t  e x i s t ,  on pyro lys i s ,  between the  sample and 

the f ixed  thermocouple u n t i l  they were almost an  inch  a p a r t .  
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The c a l i b r a t i n g  thermocouple i n  t he  sample read  higher  i n  

a l l  cases and a co r rec t ion  o f  + 3 " C  i s  t o  be made t o  any 

temperature reading on the  f ixed  thermocouple pos i t i oned  

1-2 mm below the  bucket.  

Adjustment o f  t he  Weighing Mechanism. 

The Cahn balance requi red  s e v e r a l  prel iminary adjustments 

and s e t t i p g s  i n  o r d e r  t o  operate for both the  TGA and 

i so thermal  s t u d i e s .  It was necessary t o  counterbalance a l l  

the  weight suspended from the  A-loop on the weighing arm, 

the  c r u c i b l e  and wires,  w i t h  a s i m i l a r  weight on the  C-loop. 

A zero  reading on the  Brown recorder char t  could t h u s  be 

obta ined ,  This  weight was 2'44 mg i n  t h i s  p a r t i c u l a r  case.  

The Mass D i a l  Range on the  Cahn c o n t r o l l e r  was s e t  a t  20 on 

the A d i a l  and a Mass o f  .5OO. Wnen a 10 mg weight i s  

placed i n  t h e  c ruc ib l e ,  the weight loss can be read d i r e c t l y  

on the  c h a r t  i n  mlll igrams from 10 t o  0, on pos i t i on ing  t h e  

Recorder Range a t  1. For a 20 mg weight, the Recorder Range 

i s  pos i t ioned  a t  2 i n  order t o  make b e s t  use of t he  recorder  

c h a r t .  
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Figure 1. Thermogravimetric Instrument, 
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Figure 3a D-etail  V i e w  of Upper End of Furnace 



Figure 2. Detail View of' Furnace 
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